Introduction
============

The ubiquitin-specific proteases (USPs) represent the most evolutionarily conserved and well represented deubiquitinating enzymes (DUBs) ([@b1-ijmm-40-01-0047]). They contain conserved Cys, His and Asp/Asn domains in their amino acid sequ ences ([@b2-ijmm-40-01-0047]), which include the residues critical for catalysis. Accordingly, USPs have the ability to remove ubiquitin from a ubiquitinated substrate, thereby regulating the localization and activity of this substrate ([@b2-ijmm-40-01-0047]--[@b5-ijmm-40-01-0047]). The ability of USPs to cleave model ubiquitin fusion protein substrates was previously investigated by co-expression in *Escherichia coli (E. coli)* ([@b6-ijmm-40-01-0047]). USP enzymes are characterized by the presence of two conserved active site domains, and several have been shown to cleave ubiquitin from model substrates, such as ubiquitin-β-galactosidase (Ub-Met-β-gal) and pGEX-Ub52 \[glutathione S-transferase (GST)-Ub52\] ([@b7-ijmm-40-01-0047]), by hydrolyzing the bond between the C-terminal double glycine of ubiquitin and the linking methionine residue ([@b6-ijmm-40-01-0047]). However, ubiquitin C-terminal 7-amido-4-methylcoumarin (Ub-AMC) and its analogs, due to their high fluorescence sensitivity and hydrolysis efficiency, are often used to quantitatively determine the activities of DUBs without considering their substrate specificities ([@b8-ijmm-40-01-0047],[@b9-ijmm-40-01-0047]).

USP13, also named isopeptidase T-3, which was first identified by Timms *et al* ([@b10-ijmm-40-01-0047]), is a well-characterized member of USPs ([@b11-ijmm-40-01-0047]). USP13 shares a 54.8% identity with its isoform USP5 ([@b12-ijmm-40-01-0047],[@b13-ijmm-40-01-0047]). Both proteins contain 4 ubiquitin-associated (UBA) domains and an ubiquitin-specific processing protease (UBP) domain. The UBP domain of USP13 harbors a catalytic site, a zinc finger (ZnF) domain, and 2 UBA domains. Domains such as UBA and ZnF play very important roles in USP13 ([@b14-ijmm-40-01-0047]). The UBA domain usually facilitates substrate binding onto the enzymes, while the ZnF domain may be an activator to stimulate the hydrolysis reaction or a regulator to orchestrate other biological functions ([@b15-ijmm-40-01-0047]). Although USP13 contains all 4 putative ubiquitin-binding domains, it has not been shown to hydrolyze polyubiquitin ([@b16-ijmm-40-01-0047]), but rather serves as a protease for interferon-stimulated gene 15 (ISG15), whereby it reduces ISGylation ([@b16-ijmm-40-01-0047]). A previous study indicated that a few residues in USP13-ZnF vary, particularly in the L2-loop region, in which R221 and Y261 in USP5-ZnF are the key residues for ubiquitin binding and catalytic activation ([@b13-ijmm-40-01-0047]). The ZnF domain of USP13 cannot bind with ubiquitin, so that USP13 loses its ability to be activated by free ubiquitin ([@b14-ijmm-40-01-0047]). However, USP13 exhibits a weak deubiquitinating activity for Lys63-linked polyubiquitin (K63-polyUb) in a non-activating manner, and it cannot be activated by the reaction product ([@b14-ijmm-40-01-0047]). Nevertheless, in a recent study, the ability of USP13 to bind free ubiquitin and cleave ubiquitin-AFC (Ub-AFC) was tested *in vitro*, and USP13 was almost completely inactive and could not efficiently cleave K48- or K63-linked di-ubiquitin ([@b17-ijmm-40-01-0047]). Thus, the catalytic function and the regulatory mechanism of USP13 remain to be defined.

In addition to studies on the enzymatic activity of USP13, elucidating the substrate specificities of USP13 is vital to understanding its biological function. It has recently been demonstrated that USP13 can regulate Siah2 ligase stability and activity via non-catalytic ubiquitin-binding domains ([@b18-ijmm-40-01-0047]). It can also deubiquitinate signal transducer and activator of transcription 1 (STAT1) and increase STAT1 protein stability ([@b19-ijmm-40-01-0047]), reduce ubiquitination and degradation of Sky2 ([@b20-ijmm-40-01-0047]), and also appears to be responsible for the protein stability of microphthalmia-associated transcription factor (MITF), which is essential for the development of melanocytes ([@b21-ijmm-40-01-0047]). Liu *et al* also supported the existence of an interactive regulatory association between USP10 and 13 with Vps34 complexes ([@b22-ijmm-40-01-0047]). Furthermore, USP13 was identified as the first deubiquitylase that reverses phosphatase and tensin homolog (PTEN) polyubiquitylation and stabilizes PTEN protein in human breast cancer cells ([@b23-ijmm-40-01-0047]). Recently, a new study found that USP13 interacted with PTEN in fibroblasts and regulated PTEN ubiquitination and degradation ([@b24-ijmm-40-01-0047]). Another study revealed an unexpected interaction between USP13 and ERAD-specific ubiquitin ligase gp78, thereby promoting ERAD ([@b17-ijmm-40-01-0047]). In addition to these findings, further research is required to identify additional substrates of USP13.

This study confirmed that USP13 proteins have no detectable DUB activity detected by USP cleavage assay using two different types of model substrates (GST-Ub52 and Ub-Met-β-gal). In addition, a proteomics approach was taken by using two-dimensional fluorescence difference gel electrophoresis (2D-DIGE) to detect cellular proteins with significantly altered expression levels in 293T cells following the overexpression of USP13. As a specificity control, this study also aimed to examine the effect of a catalytically inactive mutant of USP13. To establish such a mutant, the amino acid sequence of USP13 was aligned to USP5, a DUB with a well-defined cysteine catalytic motif, and thereby cysteine 345 was identified as the corresponding catalytically critical residue, mutating it to serine ([@b2-ijmm-40-01-0047]). Several proteins were detected and identified using liquid chromatography-mass spectroscopy (LC-MS)/MS. Among the identified proteins, the altered expression level of vinculin was associated with the DUB activity of USP13, which was confirmed by western blot analysis and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).

Materials and methods
=====================

Plasmid construction and site-directed mutagenesis
--------------------------------------------------

The plasmid pGEX-USP13 (wild-type), which expresses the GST-USP13 fusion protein, was constructed by inserting the DNA fragment encoding the corresponding open reading frames between the *Sal*I and *Not*I (both from New England Biolabs, Hitchin, UK) sites of plasmid pGEX-6p-1. A catalytically inactive version of USP13, pGEX-USP13 C345S (cysteine 345 mutated to serine), was then constructed by site-directed mutagenesis with the following primer sequences: 5′-AGCTATCTCAGCTCTGTCATG-3′ and 5′-GCTGTTGCCCAGGTTCTTCAG-3′. A pAC-T7-USP13 plasmid was produced by inserting the comp lete coding sequence of USP13 into the pAC-T7 plasmid at the *Bam*HI site. The pAC-T7 plasmid was produced according to the method described in the study by Zhang *et al* ([@b7-ijmm-40-01-0047]). To generate the plasmids pEGFP-USP13 and pEGFP-USP13 C345S, the pGEX-USP13 and pGEX-USP13 C345S vectors were digested with *Sal*I and *Not*I (both from New England Biolabs), respectively, and then inserted into the pEGFP-C1 vector, which was linearized by *Eco*RI (New England Biolabs).

Expression and USP cleavage assay
---------------------------------

*E. coli* DH5α harboring pGEX-USP13 was incubated in Luria-Bertani broth medium at 37 or 15°C overnight to express GST-USP13 fusion proteins. GST fusion proteins were purified using GSH-Sepharose resin (Sangon Biotech Co., Ltd., Shanghai, China) and detected using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

The USP cleavage assays used Ub-Met-β-gal and GST-Ub52 as model substrates, as previously described ([@b7-ijmm-40-01-0047]). For cleavage of the GST-Ub52 substrate, *E. coli* strain BL21 (DE3) cells harboring pGEX-Ub52 were further transformed with pACT7-USP13 or pAC-T7-USP46 \[plasmids expressing USP46 were used as positive controls ([@b25-ijmm-40-01-0047])\]. The protein expression was induced by isopropyl β-D-1-thiogalactopyranoside (IPTG). Soluble protein extracts were prepared after sonicating the cell lysate. GST fusion proteins and their cleavage products were purified using GSH-Sepharose resin (Sangon Biotech Co., Ltd.) and detected by 10% SDS-PAGE. The USP cleavage assay using Ub-Met-β-gal as a model substrate has been previously described ([@b26-ijmm-40-01-0047]). *E. coli* BL21 (DE3) bacteria harboring pGEX-USP13 or pGEX-USP46 \[plasmids expressing USP46 were used as positive controls ([@b27-ijmm-40-01-0047])\] were transformed with pAC-M-β-gal, AmpR CmR colonies were grown and induced with IPTG, and total protein extracts were analyzed by west ern blotting with anti-β-gal antibody (Z3781; Promega, Madison, WI, USA). Total protein extracts were examined by western blot analysis with anti-T7 purified polyclonal antibody (AB3790; Millipore, Billerica, MA, USA) and anti-GST antibody (ab111947; Abcam, Cambridge, UK) to detect the expression of USPs.

Cell culture and transient transfection
---------------------------------------

The 293T cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). The cell line was seeded in a 6-well plate at a concentration of 4×10^5^ cells/2 ml and cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) suppl emented with 10% fetal calf serum (FCS) (both from Gibco Life Technologies, Grand Island, NY, USA) and 1% penicillin-streptomycin at 37°C in a 5% CO~2~ atmosphere. After 24 h, the medium was replaced with fresh medium without antibiotics. The purified recombinant plasmids, pEGFP-C1, pEGFP-USP13 and pEGFP-USP13 C345S, were transfected into the cells using Lipofectamine 2000 transfection reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer\'s instructions. Following incubating for 24 h, the cells were collected by centrifugation (1,000 × g for 5 min at 4°C).

2D-DIGE
-------

### Protein isolation and sample preparation

The proteins were extracted from the cells transfected with the pEGFP-USP13, pEGFP-USP13 C345S or pEGFP-C1 plasmids using SDS extraction buffer (100 mM Tris-HCl, pH 8.0, 2% SDS, 1% β-mercaptoethanol, 5 mM ethylene glycol tetraacetic acid, 10 mM ethylenediaminetetraacetic acid, 1 *μ*M E-64, 1 *μ*M bestatin, 1 *μ*M pepstatin, 2 *μ*M leupeptin, 1 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail and phosphatase inhibitor). The supernatants of the cell lysates were extracted using an equivalent volume of ice-cold Tris-saturated phenol (pH 8.0), and then precipitated overnight with 5 volumes of chilled 0.1 M ammonium acetate in methanol at −20°C. After rinsing twice with ice-cold ammonium acetate in methanol, followed by 2 rinses with chilled methanol, the pellets were solubilized in DIGE buffer \[7M urea, 2M thiourea, 4% 3-\[(3-(cholamidopropyl) dimethylammonio\]-1-propanesulfonate (CHAPS), pH 8.8\]. The total protein concentrations were measured using the Bradford method ([@b28-ijmm-40-01-0047]) and adjusted to 5 *μ*g/*μ*l.

### Protein labeling

2D-DIGE was performed following the method described in the study by Tang ([@b29-ijmm-40-01-0047]). For protein labeling, 50 pmol of CyDye was mixed with 10 *μ*l of protein sample and combined with Cy3- and Cy5-labeled control and treated samples. Total protein extracts of USP13 were labeled with Cy5 in the treated samples, whereas the EGFP proteins were labeled with Cy3 in the control samples. The proteins were then pooled together with the treated samples prior to 2D-DIGE. The samples were incubated on ice for at least 2 h in the dark. The labeling reaction was terminated by the addition 1 *μ*l of 10 mM lysine. For analytical 2D-DIGE analysis, 20 *μ*l of combined Cy3- or Cy5-labeled protein was mixed with 2D-DIGE buffer (7M urea, 2M thiourea, 4% CHAPS, 20 mM dithiothreitol, 0.5% IPG buffer) and used for isoelectric focusing (IEF). IEF was performed on 24-cm IPG strips, pH 4.0--7.0. The second-dimension electrophoresis was performed using 10% SDS-polyacrylamide gels. The 2D gels were then scanned on a Typhoon 9410 imager and DIGE images were analyzed using DeCyder 6.5 software (both from GE Healthcare Life Sciences, Logan, UT, USA), and spot detection was performed using the differential in-gel analysis module and the DeCyder biological variation analysis module. Protein spots displaying an average ≥1.1-fold change in abundance between the control and treated samples with a value of P\<0.05 were selected for picking on an Ettan Spot Picker (GE Healthcare Life Sciences). For each treatment, images from at least 3 biological repeats were used for the statistical analysis of protein abundance.

### LC-MS/MS

Protein spots were excised from the gels and sent to the Department of Neuroplasticity of Shinshu University Graduate School of Medicine in Japan for LC-MS/MS analysis.

Mass spectra were subjected to Mascot search engine for protein identification. Database searching was performed using the Mascot (<http://www.matrixscience.com>) program.

### RT-qPCR

Total RNA from the cells transfected with pEGFP-USP13, pEGFP-USP13 C345S, or pEGFP-C1 was extracted using TRIzol reagent (Invitrogen Life Technologies) and reverse-transcribed into cDNA using a RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA). PCR quantification involved the use of TransStart Top Green qPCR SuperMix (TransGen Biotech Co., Ltd., Beijing, China) with primer sequences for vinculin (5′-AATGAGAGGGCAGTGTTTCC-3′ and 5′-GGATGTTCAGGCAAGGTTCT-3′). The mRNA levels of vinculin, as well as those of the internal standard β-actin (Sangon Biotech Co., Ltd.), were measured by qPCR in triplicate using a Rotor Gene 6000 real-time detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

### Western blot analysis

Total protein extracts of the cells transfected with pEGFP-USP13, pEGFP-USP13 C345S or pEGFP-C1 were examined by western blot analysis with vinculin antibody (OAAN00512; AVIVA Systems Biology, San Diego, CA, USA) to detect the expression of vinculin. With β-actin being an internal reference gene with anti-β-actin (Proteintech Group, Inc., Chicago, IL, USA), the relative intensity of the resulting bands was analyzed using Odyssey V3.0 software (Odyssey, Lincoln, NE, USA).

### Statistical analysis

All statistical analyses were performed using SPSS software version 17.0 (SPSS, Inc., Chicago, IL, USA). Statistical analysis was performed using the Student\'s t-test and one-way analysis of variance (ANOVA). A P-value \<0.05 was considered to indicate a statistically significant difference.

Results
=======

Low temperature improves the solubility of GST-USP13 recombinant proteins
-------------------------------------------------------------------------

The nucleotide sequence of homo USP13 has been submitted to GenBank under the accession no. HM138083. GST-USP13 fusion proteins of approximately 120 kDa were expressed in *E. coli* BL21 and detected by 10% SDS-PAGE. Homo USP13 protein fused with GST was expressed in *E. coli* strain BL21 and induced by IPTG at 37 and 15°C. When induced at 37°C for 4 h, a major part of GST-USP13 precipitated; on the contrary, GST-USP13 fusion protein induced with IPTG at 15°C mostly existed in the supernatant ([Fig. 1](#f1-ijmm-40-01-0047){ref-type="fig"}), thereby facilitating the purification of the fusion proteins for further analyses. GST fusion proteins were purified by GSH-Sepharose resin (Sangon Biotech Co., Ltd.) ([Fig. 1B](#f1-ijmm-40-01-0047){ref-type="fig"}) and used to measure the hydrolytic activities of recombinant GST-fused USP13 (100 nM) using Ub-AMC as a substrate (data not shown).

USP13 exhibits no detectable hydrolytic activity for model substrates
---------------------------------------------------------------------

To determine whether USP13 has DUB activity, a USP cleavage assay was performed using GST-Ub52 as a model substrate. USP46 cleaved GST-Ub52 efficiently to yield a product of the expected size of 36 kDa as a positive control ([Fig. 2C](#f2-ijmm-40-01-0047){ref-type="fig"}). Although western blot analysis with anti-T7 antibody can detect the expression of T7-USP13 ([Fig. 2B](#f2-ijmm-40-01-0047){ref-type="fig"}), the hydrolytic activity of USP13 for GST-Ub52, as well as the empty vector alone and the C345S mutant, was not detected ([Fig. 2C](#f2-ijmm-40-01-0047){ref-type="fig"}). The hydrolytic activities of recombinant GST-fused USP13 were further examined using Ub-Met-β-gal as a substrate, and USP13 exhibited no detectable activity either ([Fig. 2D and E](#f2-ijmm-40-01-0047){ref-type="fig"}). The hydrolytic activities of recombinant GST-fused USP13 (100 nM) were also measured using Ub-AMC as a substrate, and similar results were obtained (data not shown).

Screened proteins associated with the overexpression of USP13 by 2D-DIGE and LC-MS/MS
-------------------------------------------------------------------------------------

To determine whether USP13 alters cellular protein expression, a proteomic approach by 2D-DIGE was taken to detect cellular proteins with significantly altered expression levels in 293T cell lines following the overexpression of USP13. 293T cells were transfected with an expression vector for USP13, USP13 C345S or an empty vector. Total protein extracts were labeled with Cy5 or Cy3 and then pooled together with the treated samples prior to 2D-DIGE. DeCyder analysis of these replicates detected approximately 2,500 spots in at least 2 of the 3 gels. For each treatment, images from at least 3 biological repeats were used for the statistical analysis of protein abundance.

A total of 11 spots displayed an average ≥1.1-fold change in abundance with a value of P\<0.05 following the overexpression of USP13 compared with that of EGFP ([Fig. 3A--C](#f3-ijmm-40-01-0047){ref-type="fig"}). The arrowheads and numbers indicate the spots with an increased and decreased expression. A total of 7 of the 11 species were identified using LC-MS/MS. These proteins included 4 proteins with an increased expression, namely vinculin, thimet oligopeptidase 1 (THOP1), cleavage and polyadenylation specific factor 3 (CPSF3) and methylosome protein 50 (WDR77), and 3 proteins with a decreased expression, namely adenylosuccinate synthetase (ADSS), annexin and phosphoglycerate mutase (PGAM), as shown in [Fig. 3D](#f3-ijmm-40-01-0047){ref-type="fig"} and [Table I](#tI-ijmm-40-01-0047){ref-type="table"}. With regard to the remaining four spots, spots 4 and 10 were identified as SH3 domain containing RING finger protein 3 and T complex protein 1 subunit α (TCP1), respectively, with isoelectric points of 9.99 and 7.67 ([Table I](#tI-ijmm-40-01-0047){ref-type="table"}). These isoelectric points were beyond the range of the IPG strip used. Spots 5 and 6 could not be identified ([Table I](#tI-ijmm-40-01-0047){ref-type="table"}). The reasons for the failure to identify the other species may include problems in peptide elution, low amounts of protein, or scoring below the threshold in the Mascot search engine.

To investigate whether USP13 DUB activity affects the expression of these proteins, the USP13 C345S proteins were labeled with Cy3 in the control samples and pooled together with the treated samples prior to 2D-DIGE. USP13 C345S completely abolished its DUB activity ([@b14-ijmm-40-01-0047]). Three of the 11 spots still displayed an average ≥1.1-fold increase in abundance with P\<0.05 ([Fig. 4A--C](#f4-ijmm-40-01-0047){ref-type="fig"}). Following LC-MS/MS analysis, only vinculin exhibited an increased expression as a result of the expression of USP13 ([Fig. 4D](#f4-ijmm-40-01-0047){ref-type="fig"}). [Fig. 5](#f5-ijmm-40-01-0047){ref-type="fig"} shows the three-dimensional plots of spot density that increased in amount in 293T cell lines expressing USP13 and USP13 C345S, where the z-axis (vertical dimension) shows the fluorescence signal intensity in that channel. These results suggest that the regulation of vinculin protein levels by USP13 may depend on the enzymatic activity of USP13.

USP13 upregulates vinculin protein levels, but not mRNA levels
--------------------------------------------------------------

To further validate the upregulation of vinculin protein levels by USP13, western blot analysis and RT-qPCR analysis were performed. the 293T cells were transfected with an expression vector for USP13, USP13 C345S, or an empty vector (pEGFP-C1). At 24 h following transfection, total protein extracts were examined by western blot analysis to detect the expression of endogenous vinculin. The results from 3 independent experiments revealed that the overexpression of USP13, but not the enzyme-dead mutant USP13 C345S and the empty vector, led to a prominent increase in the protein levels of vinculin ([Fig. 6B and C](#f6-ijmm-40-01-0047){ref-type="fig"}). On the contrary, the vinculin transcript levels were not significantly altered in the cells following the overexpression of USP13 ([Fig. 6A](#f6-ijmm-40-01-0047){ref-type="fig"}). These results suggest that USP13 upregulates vinculin protein levels, but not the mRNA levels, through an enzymatically mediated mechanism.

Discussion
==========

In the present study, the *USP13* gene was identified from 293T cells, and the solubility of GST-USP13 recombinant protein was found to be improved significantly at a lower temperature (15°C). The USP cleavage assay using GST-Ub52 and Ub-Met-β-gal as model substrates *in vitro* also revealed that USP13 had no detectable DUB activity. In addition, a proteomics approach was taken by using 2D-DIGE to detect cellular proteins with significantly altered expression levels in 293T cells following the overexpression of USP13 or its C345S mutant (the catalytically inactive form) for the first time, to the best of our knowledge. Several proteins were detected and identified using LC-MS/MS. Among the identified proteins, the vinculin protein level was upregulated by USP13 through an enzymatically mediated mechanism, which was confirmed by western blot analysis and RT-qPCR.

Attempts were made to purify and improve the solubility of the fusion protein GST-USP13 for further analyses. Commonly, lowering the temperature improves the solubility of recombinant proteins ([@b30-ijmm-40-01-0047]--[@b32-ijmm-40-01-0047]) as cell processes that involve transcription, translation and cell division slow down ([@b33-ijmm-40-01-0047]). In addition, due to reducing the activities of most proteases at a lower temperature, recombinant proteins GST-USP13 are protected from attack by other proteases that cause protein degradation and formation of inclusion bodies ([@b21-ijmm-40-01-0047]). As shown in [Fig. 1](#f1-ijmm-40-01-0047){ref-type="fig"}, when the GST-USP13 fusion proteins were expressed at 15°C, the solubility of GST-USP13 recombinant protein improved significantly.

Two types of model substrates, GST-Ub52 and Ub-Met-β-gal, were used in this study to detect the DUB acti vity of USP13 for the first time ([Fig. 2B and D](#f2-ijmm-40-01-0047){ref-type="fig"}). Neither USP13 nor C345S mutant was found to have detectable activity. GST-Ub52 and Ub-Met-β-gal, the general model substrates, are often used to detect the activity of DUBs ([@b7-ijmm-40-01-0047],[@b25-ijmm-40-01-0047],[@b27-ijmm-40-01-0047]). The expression levels of USP13 are different for the two different types of substrates due to the different expression vectors. Thus, two different types of model substrates were used to detect the DUB activity of USP13. The present findings were in partial agreement with previous studies. Catic *et al* ([@b16-ijmm-40-01-0047]) discovered that USP13 reacts with ISG15VS rather than with UbVME, which provided the first biochemical evidence for the protease activity of USP13. In a recent study, USP13 was found to possess a very weak deubiquitinating acti vity using Ub-AMC as a substrate, but a high concentration of GST-USP13 (500 nM) is required ([@b14-ijmm-40-01-0047]). However, the hydrolytic activities of recombinant GST-fused USP13 (100 nM) were also measured using Ub-AMC as a substrate, and no deubiquitinating activity was detected for USP13 (data not shown). The reasons for the failure may include fusion protein cleavage, low protein concentration or low protein purity.

The types and lengths of ubiquitinated proteins varied among species ([@b34-ijmm-40-01-0047]). Therefore, each DUB member may have different substrate specificity, but this specificity cannot be determined by using model substrates.

In addition to studies on the enzymatic activity of USP13, elucidating the substrate specificities of USP13 is vital to understanding the biological function of the protein. The 2D-DIGE technology is now recognized as a very powerful tool to address changes related to a variety of effects on the cellular proteome. The method allows detecting not only the changes in protein quantity but also post-translational modifications that change the charge or size of the protein ([@b35-ijmm-40-01-0047]). When coupled to LC-MS/MS, 2D-DIGE can be used to identify proteins that change in structure or concentration under specific conditions. This technology seems applicable to identifying putative new substrates for USP13, as USP13 generally upregulates substrate protein levels by stabilizing proteins via deubiquitination. In this study, 2D-DIGE and LC-MS/MS were used to identify cellular proteins with significantly altered expression levels in 293T cell lines after the expression of USP13. Several proteins displayed altered expression levels after the overexpression of USP13 compared with that of EGFP ([Fig. 3](#f3-ijmm-40-01-0047){ref-type="fig"}). However, when comparing the samples after the overexpression of USP13 and USP13 C345S, only vinculin exhibited increased expression levels ([Fig. 4](#f4-ijmm-40-01-0047){ref-type="fig"}). These results suggest that the regulation of the remaining proteins whose expression level altered after the overexpression of USP13, such as THOP1, CPSF3 and Annexin by USP13 may not require USP13 deubiquitinase activity. This is simlar to the effect of USP13 on Siah2, which is not mediated by its isopeptidase activity ([@b18-ijmm-40-01-0047]). Future studies are warranted to determine the molecular mechanisms through which USP13 regulates the levels of these proteins.

Although the 2D-DIGE technology allows the detection of very small changes in spot intensity, it has some limitations. First, some overlapping of protein spots due to similarities in molecular mass and p*I* is possible. Second, the 2D-DIGE approach allows the detection of proteins that are expressed at relatively high levels. Hence, potentially important substrate proteins that are expressed at levels below the detection limit of 2D-DIGE may be missed. These limitations may explain why the present study failed to identify the known USP13 substrates MITF ([@b21-ijmm-40-01-0047]) and PTEN ([@b23-ijmm-40-01-0047],[@b17-ijmm-40-01-0047]--[@b19-ijmm-40-01-0047]). For example, MITF is a member of the basic helix-loop-helix-leucine zipper transcription factor family and a key regulator of development and survival for melanocytes as well as melanomas ([@b36-ijmm-40-01-0047]). MITF is usually highly expressed in the melanoma cell lines ([@b21-ijmm-40-01-0047]).

In this study, 2D-DIGE was used to explore whether vinculin is upregulated by USP13. Vinculin is a 116-kDa cytoskeletal protein that is involved in the linkage of integrin adhesion molecules to the actin cytoskeleton ([@b37-ijmm-40-01-0047]). In a previous study, UCH-L1, a DUB that removes Ub from Ub precursor proteins and hydrolyzes Ub carboxyl-terminal esters and amides ([@b38-ijmm-40-01-0047]), was found to be involved in regulating focal adhesions and adherens junctions, which is supported by co-immunoprecipitation with key components of these complexes, including FAK, paxillin, p120-catenin, β-catenin, and vinculin ([@b39-ijmm-40-01-0047]). Furthermore, vinc ulin is regularly co-precipitated by the wild-type and mutant UCH-L1 after mild cross-linking. However, the deubiquitylase that regulates vinculin polyubiquitylation and protein stability has not yet been reported. The present study revealed that vinculin is upregulated following the overexpression of USP13 and thereby provides a molecular clue as to whether USP13 is responsible for the deubiquitination of vinculin. Future studies are warranted to determine the ubiquitination of vinculin in 293T cell lines and whether USP13 deubiquitinates vinculin polyubiquitylation and stabilizes vinculin protein.

However, regardless of the aforementioned shortcomings, it is believed that the 2D-DIGE approach provides a useful avenue to identify new USP substrates, provided that sufficient follow-up validation studies are performed.
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![The expression and solubility of glutathione S-transferase (GST)-ubiquitin-specific protease 13 (USP13) fusion protein at different temperatures. (A) Homo USP13 protein fused with GST was expressed in *Escherichia coli (E. coli)* strain BL21 and induced by isopropyl β-D-1-thiogalactopyranoside (IPTG) at 37 and 15°C. Bacterial lysate after ultrasonic treatment and centrifugation into different components: lanes 4 and 8, precipitate (Ppt.); lanes 3 and 7, supernatant (Sup.). Different components were detected by 10% SDS-PAGE. (B) GST and GST-USP13 fusion protein were purified by glutathione-agarose beads and detected by 10% SDS-PAGE.](IJMM-40-01-0047-g00){#f1-ijmm-40-01-0047}

![Ubiquitin-specific protease 13 (USP13) exhibited no detectable activity for the hydrolysis of model substrates. (A) Constructs of wild-type (WT) and mutant USP13 C345S for the USP cleavage assay. (B) Expression of T7-USP13 and T7-USP46 can be detected by western blotting with anti-T7 antibody. (C) Cleavage of model substrate glutathione S-transferase (GST)-Ub52. The arrows indicate the GST-Ub52 (about 42 kDa) and its cleavage products GST-Ub (about 36 kDa), which were detected by 10% SDS-PAGE. USP46 and pAC-T7 (an empty plasmid vector) are used as positive and negative controls, respectively. (D) Total protein extracts were examined by western blot analysis with anti-GST to detect the expression of USPs. (E) Deubiquitination of Ub-Met-β-gal expressed in bacteria. Western blot analysis with anti-β-gal antiserum is shown. The arrows indicate the ubiquitin-β-galactosidase (Ub-Met-β-gal) fusion protein, the cleaved β-gal moiety (Met-β-gal), and endogenous β-gal fragments. Co-expressed plasmids were pGEX-USP13, the positive control pGEX--USP46, and the negative control pGEX-6P-1 (GST).](IJMM-40-01-0047-g01){#f2-ijmm-40-01-0047}

![Screened proteins associated with the overexpression of ubiquitin-specific protease 13 (USP13) by two-dimensional fluorescence difference gel electrophoresis (2D-DIGE). (A) Proteins from 293T cell lines transfected with plasmid pEGFP-C1 labeled with Cy3 (green) as the control group. (B) Proteins from 293T cell lines transfected with purified recombinant plasmid pEGFP-USP13 labeled with Cy5 (red) as the treated group. (C) The merged image showing Cy3- and Cy5-labeled proteins. The arrowheads and numbers indicate the spots with increased and decreased expression. (D) Seven proteins exhibited altered expression levels identified by liquid chromatography-mass spectroscopy (LC-MS)/MS.](IJMM-40-01-0047-g02){#f3-ijmm-40-01-0047}

![Screened proteins associated with the overexpression of ubiquitin-specific protease 13 (USP13) and USP13 C345S by two-dimensional fluorescence difference gel electrophoresis (2D-DIGE). (A) Proteins from 293T cell lines transfected with plasmid pEGFP-USP13 C345S labeled with Cy3 (green) as the control group. (B) Proteins from 293T cell lines transfected with purified recombinant plasmid pEGFP-USP13 labeled with Cy5 (red) as the treated group. (C) The merged image showing Cy3- and Cy5-labeled proteins. The arrowheads and numbers indicate the spots with increased and decreased expression. (D) Only one protein exhibited altered expression levels identified by liquid chromatography-mass spectroscopy (LC-MS)/MS.](IJMM-40-01-0047-g03){#f4-ijmm-40-01-0047}

![Examples of DeCyder software generated three-dimensional (3D) images of the species that either increased or decreased in amount in 293T cells expressing ubiquitin-specific protease 13 (USP13). Three-dimensional peaks representing spots of interest (master numbers on the left) in each panel set are circled in red. The average ratio for each spot is indicated on the right. (A) Spot 1 displayed an average 1.15-fold increase in abundance compared with the samples of USP13 (labeled with Cy5) and USP13 C345S (labeled with Cy3). (B) Spot 9 displayed an average −1.20-fold decrease in abundance compared with the samples of USP13 (labeled with Cy5) and EGFP (labeled with Cy3).](IJMM-40-01-0047-g04){#f5-ijmm-40-01-0047}

![Ubiquitin-specific protease 13 (USP13) upregulates vinculin protein levels but not the mRNA level. (A) RT-qPCR analysis of the relative mRNA level of vinculin with the expression of USP13 and normalized to that of β-actin. Data are the means ± standard error of the mean (SEM) from 3 independent experiments and analyzed by the Student\'s t-test. (B) Western blot analysis of vinculin protein levels with the expression of USP13. Three independent experiments were performed, and representative results are shown. (C) The vinculin protein levels in the panel were measured and represented in the same graph, β-actin was used for normalization. ^\*^P\<0.05 by one-way ANOVA. Data are the means ± SEM of triplicates from 3 independent experiments.](IJMM-40-01-0047-g05){#f6-ijmm-40-01-0047}

###### 

Summary of the proteins identified by LC-MS/MS.

  Master no.[a](#tfn1-ijmm-40-01-0047){ref-type="table-fn"}   Accession no.   Protein name                                             Theoretical   Protein score    Protein matched name peptides   Protein sqeCover (%)   Avg ratio[a](#tfn1-ijmm-40-01-0047){ref-type="table-fn"}   P-value[b](#tfn2-ijmm-40-01-0047){ref-type="table-fn"}   
  ----------------------------------------------------------- --------------- -------------------------------------------------------- ------------- ---------------- ------------------------------- ---------------------- ---------------------------------------------------------- -------------------------------------------------------- -------------
  1/I                                                         P18206          Vinculin                                                 116,722.62    5.90             5,615.65                        81                     84.02                                                      1.23/1.21                                                0.008/0.010
  2                                                           P52888          Thimet Oligopeptidase (THOP1)                            78,840.00     5.87             1,693.12                        13                     37.48                                                      1.21                                                     0.008
  3                                                           G5E9W3          Cleavage and polyadenylation specific factor 3 (CPSF3)   77,486.24     5.42             1,053.86                        19                     38.31                                                      1.16                                                     0.008
  4                                                           Q5T6W5          SH3 domain containing RING finger protein 3              93,973.91     9.99             1,580.02                        11                     25.81                                                      1.15                                                     0.019
  5/II[c](#tfn3-ijmm-40-01-0047){ref-type="table-fn"}         B3GQS7                                                                                                                                                                                                                    1.32/1.31                                                0.017/0.011
  6/III[c](#tfn3-ijmm-40-01-0047){ref-type="table-fn"}        F5GWR2                                                                                                                                                                                                                    1.16/1.15                                                0.02/0.024
  7                                                           Q9BQA1          Methylosome protein 50 (WDR77)                           36,724.50     4.95             2,015.87                        20                     61.25                                                      1.17                                                     0.013
  8                                                           F8W9D6          Adenylosuccinate synthetase (ADSS)                       48,338.13     6.37 12,416.72                                   39                     89.20                                                      −1.16                                                    0.016
  9                                                           E7EW96          Annexin                                                  38,714.27     6.86             5,310.28                        16                     79.14                                                      −1.2                                                     0.014
  10                                                          P17987          T complex protein 1 subunit α                            43,885.80     7.67             751.85                          17                     44.11                                                      −1.15                                                    0.004
  11                                                          Q6P6D7          Phosphoglycerate mutase (PGAM)                           28,776.89     6.46 39,293.07                                   13                     55.12                                                      −1.23                                                    0.010

1, 5, 6 indicate the spots following USP13 overexpression compared with EGFP, and I, II, III indicate the spots following USP13 overexpression compared with USP13 C345S;

The average ratio of gel spots in 2D-DIGE, P-value was determined by the Student\'s t-test;

failure to identify. LC-MS, liquid chromatography-mass spectroscopy; 2D-DIGE, two-dimensional difference gel electrophoresis; USP13, ubiquitin-specific protease 13.
